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SUMMARY

This report describes the work performed under Contract
AF 04(611)-9073 during the second quarter of the contract period,
beginning September 1963. The objectives of the study are:

{(a) To develop design tools, in the form of digital computer
programs, for the nozzle designers to use for calculating the
behavior of materials exposed to a solid-propellant rocket-exhaust
environment.

(b) To marshall existing theoretical methods, and to extend
these or develop new methods where necessary, to gain a better
understanding of the fundamental mechanisms associated with exposed
materials behavior in a rocket nozzle environment.

The work during this quarter has been directed toward the
development of a digital computer program applicable to materials
such as tungsten and graphite, that, in general, do not erode
appreciably or that erode with one moving boundary. This has
required effort in the areas of convective heat transfer, transient
conduction, equilibrium chemistry, reaction kinetics, and mass
transport, as applied to the solid-propellant rocket problem, and
this work is discussed in detail. Further, a plasma-generator
rocket simulation-test program has been formulated to complement
the theoretical studies, and the test program and some firing

results are described.
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A STUDY OF SOLID-PROPELLANT ROCKET
MOTOR EXPOSED MATERIALS BEHAVIOR

1. INTRODUCTION

During the past several years, significant theoretical tech-
niques have been developed by various investigators for character-
izing many of the complex individual phenomena occurring in the
ablation process of solid-propellant rocket wall materials. These
techniques have been used to gain a better understanding of abla-
tion phenomena under simplified conditions and to guide, to a
certain extent, the design of aft-closures and nozzles. The proven
utilitiy of the theoretical approach in this area has made meaning-
ful the possibility of developing an integrated, more general, ana-
lytical technique for the design of solid-propellant rocket wall
materials and configurations. The need for such a technique is
becoming more urgent as motors increase in size, and thus render

the traditional cut-and-try approach more costly and time-consuming.

Recognizing this need, the objectives of this study are two-
fold:

(1) To develop design tools for the nozzle designer to use
for calculating the pehavior of materials exposed to a solid-
propellant rocket-exhaust environment. These design tools will be
in the form of digital computer programs.

(2) To marshall existing theoretical methods, and to extend
these or develop new methods where necessary, to gain a better
understanding of the fundamental mechanisms associated with exposed
materials behavior in a rocket nozzle environment. This second
objective is, of course, coupled with the first in that an appre-
ciation of the fundamental ablation mechanisms is required to calu-
late their effects.

Both theoretical and experimental studies are being conducted
to accomplish the objectives of the program. The relations charac-
terizing the ablation process are being formulated largely from

theoretical considerations, but also draw on experimental work in
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those areas not amenable to theoretical treatment. Existing test
data are being used where avilable, and small-scale laboratory
tests are being conducted as a part of this program to provide
information in several areas where it is required. The flow chart
of Figure 1l indicates how the various areas of investigations are
interrelated.

As indicated in Figure 1, the theoretical studies are divided
into two major categories, the first having to do with materials
that erode with one "moving boundary" such as graphite (nonablating
refractories are a special case of this category), and the second
with materials such as the reinforced plastics, or composites,
whose ablation can be characterized by two moving boundaries. The
experimental studies are being carried out in the Vidya l-megawatt
plasma-generator facility; they consist of graphite and composite-

nozzle ablation tests and metallic-oxide particle-impaction tests.

Durirg the second quarter oftihe program, the theoretical
effort continued in the following areas: convective heat transfer,
thermal behavior of a nonmelting, noncharring nozzle insert, nozzle
wall chemical erosion, and reaction kinetics. The accomplishments
here are reported in Section 2. The experimental effort during the
quarter consisted of facility modification and checkout for the
required operating conditions, test section fabrication, calibration
firings, and an ATJ graphite nozzle firing. This work is discussed

in Section 3.
2. THEORETICAL STUDIES
2.1 Introduction

For the purpose of classification, all engineering effort on
the program that does not directly invcive an experimental test
program is called "theoretical."” This is actually a misnomer, since
the effort is based largely on proven physical and mathematical
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relations, and is of a very practical and applied nature. That

is, the effort is directed toward the construction of a calculation
tool for characterizing the phenomena occurring at an ablating
nozzle wall. Because many physical relations are needed for this
characterization, and because the interactions between them are
quite complex, an analysis flow diagram was prepared (Fig. 2) to
help clarify the role of each area of study.

Figure 2 is itself necessarily complex, but it is hoped that
it will be helpful inplacing each phase of the effort discussed
herein in proper perspective. The row of boxes at the top of the
figure represents the various inputs required to perform nozzle wall
erosion calculations; except for the erosion effects of particle
impact, none of these specific data are being sought experimentally
under the present contract. The program emphasis, rather, is on
the "calculation" area of the figure, to provide a technique for
determining nozzle erosion rates and wall temperature from the

input data.

The work reported in this section is in the areas of transfer
coefficients, surface chemical reactions, and internal material
behavior. As the reader reviews the work, it is recommended that

he refer to Figure 2 occasionally to review the role of each study.
2.2 Boundary-Layer Transfer Coefficients

The boundary-layer transfer coefficients required for the cal-
culation of nozzle wall recession rate are those of heat, CH’

mass, C and momentum CF. These three coefficients are actually

2
interrelgted, and their exact determination would follow from a
simultaneous solution of the boundary-layer energy. diffusion, and
momentum equations. It has become common practice, however, to
employ in their determination rather simple approximate relations.
Along this line, the approach used herein is to calculate C, inde-

H

and CF’ then to estimate C from it using the

pendently of C M

M
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Chilton-Colburn relation (although the validity of this requires
examination for the multi-component boundary-layer situation).

The momentum transport coefficient, C is not required, except

F,
when dealing with materials susceptible to mechanical erosion due
to wall shear; in these cases, it should be adequate to determine
CF from CH with Reynolds' analogy. Hence, the major effort to
date has been in the selection of a technique to calculate CH'
2.2.1 Nonablating nozzle wall convective heat transfer

Calculation of the convective heat-transfer coefficient for
a nonablating nozzle wall is an important first step in the deter-
mination of nozzle ablation characteristics, since this value,
after correction for the blowing reduction (a small correction in
this case), is an integral part of the wall ablation relations as
shown in the First Quarterly Progress Report, Reference 1. A
survey discussion of the several convective computational methods
was presented in that report, and it was pointed out that the ARM
method (after Ambrok, Rubesin, and Mayer) appeared to offer the
advantages of reasonable accuracy and simplicity of utilization.
During the past quarter the ARM method was compared with experi-
mental data obtained at the Jet Propulsion Laboratory, and the
results were indeed encouraging. Although more checks will have
to be made (particularly with rocket data) before the methocd can
be given an unqualified recommendation, it appears at this junc-
ture that it is superior to others in common use. Hence, its
development is given in detail herein, and a comparison of its

results with experimental data is presented.
2,211 The Ambrok-Rubesin-Mayer Method

The essence of the ARM method is the assumption that the
flat-plate relationship between the local boundary-layer energy

thickness, ¢, and the Stanton number, C is wvalid also for

HJ
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flows with a streamwise pressure gradient. This assumption permits
solution of the pressure gradient boundary-layer energy integral
equation for ¢, and then employed again, permits calculation of
the pressure gradient Stanton number, CH’ from ¢. This is
explained in greater detail later in the section. For comparative
purposes, the alternate approach in most common usage today should
also be Thentioned. It is the use of the boundary-layer momentum
integral equation, wherein the flat-plate relation between momentum
thickness, 6, and friction factor, CF, is assumed, along with
two additional assumptions: (1) velocity profile, to permit calcu-
lation of the shape factor 5*/9 (appearing in the momentum equa-
tion), and (2) Reynolds analogy, to permit calculation of CH from
the resulting CF'

The historical development of the ARM method is of some
interest, inasmuch as it provides some further insight to its
validity. To the best of the writer's knowledge, the basis of the
idea developed first in this country in the early 1950's when
Rubesin (Ref. 2) at the Ames Research Center of the NACA discovered
that convective heat-transfer measurements could be correlated duite
well with the local boundary-layer energy thickness. Later, at Vidya,
Rubesin used this knowledge to derive the present method, and first
published it in Reference 3. The application of interest at that
time was aerodynamic heating, and it has been in use at Vidya for
3 years for that purpose. Its results have been compared favorably
with re-entry body and X-15 convective heating.

Independently, Ambrok suggested the essence of the same
technique (Ref. 4), but his paper was not noted by the workers at
Vidya until Mayer (Ref. 5) presented an application of it to the
rocket-nozzle situation. Since it is felt that the contributions
of all three investigators are important, the appellation "ARM" is
used for the method herein.

The derivation of the ARM method follows from the integral
form of the boundary-layer energy eguation (with no blowing):
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_—_Li- o, = '-&I-
dx rp_u dax (rpeue) * (Hr - Hw) dx r Hw) “n P (1)

where
CH' = ] (gw ) (2)
prugli, - H,
and
o] Ht - Ht
- pu e
¢ = f, = dy (3)
5 peue Hr Hw

Note that this latter definition differs from the conventional

energy thickness definition in which H is used in place of Hr;

t
this modification is required here to pr%vent an unnatural singu-
larity in the resulting equations in the case of Hw = Ht « The

- e
relation between ¢ and ¢ is

- H
t w

The primes in Equations (2) and (3) indicate properties evalu-
ated at the local reference enthalpy, given by the expressions
(Refs. 6 and 7)

H' = 0.23 H, + 0.19Hy+ 0.58 K, (laminar) (5)
H' = 0.36 H, + 0.19'H_ + 0.4511w(turbu1ent) (6)
where
2
u
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and
R = (pr')*? (laminar) (7)
R = (pr')Y® (turbulent) (8)

The first step in the solution of Equation (1) consists of
determining an expression for the right-hand side, that is, the
Stanton number. To do this, we find the relation existing between

[0) and CH in the flat-plate case, and then assume that this
relation also holds for the body of revolution in a pressure
gradient.

For the flat-plate case the following relations are known to

hold:

(Gt O

a
H . m
(pr) 2/ (p—uex>
ul

where for laminar flow

(9)

0.332

o]
I

m 0.5

and for turbulent flow in the Reynolds number range of interest for

rocket nozzle application
a = 0.0296
m= 0.2

Combining Equations (2) and (9), there results for the flat-plate

case

T L _alp )ty

peue(Hr - Hw) peuemxm(Pr')2 3

(1c)

| —
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Now for the flat plate, the energy integral equation (1)

reduces to

d¢ , ¢ 4 (H. - B ) = c ' & (11)

ax (B, - H) dx r w H p,

and if the wall is nearly isothermal this becomes simply

.C_]E= '-L‘z qw )
ax ~ Cu Pe peue(Hr - H) (12)

So a combination of this and Equation (10) yields

43 . alp'/pg)

dx
(Pr ) E/SCD U>

for the flat plate. Now, for small axial variations of Hw in

(13)

comparison with Hr - Hw’ the terms on the right-hand side of
m

Equation (13), other than x , are independent of x. Thus, a

direction integration is possible.

_  _ alp'/pg)
¢ - ¢, = (14)

i
(Pr' )2/3 <:j i:) et

Since Equation (9) applies only when the boundary layer begins at

x = 0,

Bi = 0 when x; =0 (15)

Thus,

— alp'/p,)

(Pr' )2/3 <:j j:)
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Inverting the equation, there results

. g m
m (prt)#/2 C)u'e) (1 -m¢

a(p'/p,)

(17)

-
]

Combining Equation (17) with (10) yields an expression for the heat
flux term that does not contain x explicitly.

a(p'/p_) '
at - < =c ' £ (e

Pl (H - H) pru e\ ™ H| Pe
(pr')2/ 3 C—f—) (L -m™

It is now assumed that Equation (18), which was derived for

the case of the flat plate, also holds for the body of revolution
in an axial pressure gradient. We are saying that the energy
thickness and the heat flux are related in the same manner in the
two cases. Thus, combining Equation (18) with (1), there results
for the body of revolution:

d¢ 1l _ 4 = 1 4 - 7
ax * [;p dx (rpeue) * (H. - Hw) ax (Hr Hw{] ¢

alp'/p,) _-

. m
p'u
(Pr"2/3<T3 (e

[l
©

(=

|

3
(=
L

Or, rewritten,

s,
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de ¢ a_ -
ax T rp U (H, - H)) dx [rpeue(Hr Hw)]

1
, 1-m m
= alp /pe) = T1-m

N m
p'u
(pr) %2 6—5 1 -m"

This is a first-order differential equation of the Bernoulli type,

(20)

and can be solved by transforming the dependent variable, d.
Let

¢ =pn " (21)
Then

JRNURNNCE - | ) 1 a . 1-m _ __-m
(1-mp " g * rp U (H - H ) dx [rpeue(Hr Hwﬁ P gp

(22)

where g represents the bracketed term on the right-hand side of
Equation (20).
Equation (22) then simplifies to

1 d g
dp + = = = [rp u (H - H i] p dx = +—2 dx
(1 m)rpeue(Hr Hw) ax e e''r % 1 m
(23)
The integrating factor for this equation is
j-(l-m)r u %H —u) 9 [rpeue(Hr - Hwﬂ
o Pele Hp \'
1 1
b~ 1n [%p u (H_ - H )] a
- el m ser vl s [epgu - B | T 20
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Hence, Equation (23) becomes |
x x
1 o3
Lrpeue(Hr - Hwill-m P = l1-m [rpeue(Hr - Hw)J Sl 1Y (25)
X, Xy

where A is a dummy length variable along the surface. Recalling
that

Equation (25) becomes

1

- -
[;peuea(Hr - Hw{]l—m - LrpeueE(Hr - Hwﬂ ;-m

X - 1-m
a(p' /p )rp u, (H - an
= T (26)
i
Hence,
1l
1~m
_ ) l:rpeue(H - H )j|
¢ rpeue(H - H )
1
X 1~-m
m 1 alp'/pg)rpug (B, - H)) T%%—
1 5oa ™ .
l:rpeue(Hr - wa] o %, (Pr')2/3 <E;F%i) (1-m)
{27)
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And now Equation (27), in conjunction with Equation (18), is
used to calculate the wall convective heat flux or Stanton number
on or in an axisymmetric body in compressible flow. The relations
are also applicable to two-dimensional flow if r is replaced by
unity throughout. The integral in Equation (27) must be evaluated
numerically, but it is a simple quadrature and can be handled
dquite well with Simpson's rule. The wall temperature must be
known before the calculation can proceed, since the reference
properties and Hw are dependent on it. Unfortunately, the wall
temperature is often precisely what we are trying to calculate, so
an iterative procedure is called for. A trial wall temperature
distribution is assumed, CH' is calculated, then q,> then Tw
(with a wall conduction program), etc. Normally CH' is not
strongly dependent on Tw’ sSo convergence is rapid.

Another quantity required to initiate the calculation is ¢i.
If no other information is available for estimating ¢i in any
given application, it is recommended that it be calculated by
equating a form of the simple Bartz equation and Equation (18) at

the nozzle entrance. The simple Bartz equation form is

0.1
r
C /%

Cy' = - (28)
u Dp'
C_EI ) (Prt)Z/S
Equating Equation (28) with (18), and rearranging, yields
el
aDi pE
= . i
¢i - o 0.l (29)
u Dp m
_EI_ (1L - m) (Pr|)2/3 D
" i rr_'
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2.2.1.2 Comparison of the Ambrok-Rubesin-Mayer results with
experimental data

The data used to check the ARM methodwere obtained at the
Jet Propulsion Laboratory and are reported in Reference 8. The
experimental apparatus used is shown in Figure 3, taken from Ref-
erence 8. Air was heated by lean combustion of methanol in a
region far removed from the nozzle test section and separated by
baffles, screens, and a long duct. The nozzle used has a throat
diameter of 1.803 inches, a length of 5.925 inches, a contraction
area ratio 7.75 to 1, an expansion area ratio of 2.68 to 1, a
convergent half-angle of 300, and a divergent half-angle of 15°.

It was fabricated of 5302-type stainless steel, and has embedded
thermocouples for measuring local heat flux, and wall static pres-
sure taps. The heat flux is obtained from the temperature drop in
the stainless wall during steady state water jacket cooling.

The particular test for which sufficient data was reported
to permit comparison was test number 218. In this test the stag-
nation pressure was 75.2 psia, and the stagnation temperature was
1518° R. The experimental uncertainty in the measured heat fluxes
was estimated to be *+11 percent at the throat, and possibly larger
at other regions.

The nozzle wall axial temperature distribution was reduced
from a temperature profile plot given in Reference 8, and is pre~
sented here in Figure 4. The measured wall pressure distribution
is shown in Figure 5. It differs significantly from that calcu-
lated from one~dimensional flow considerations, indicating signifi-
cant two-dimensional effects in this small nozzle. The measured
pressures, and the corresponding velocities (assuming isentropic
expansion), were used in the calculations.

The air specific heat at constant pressure varied over
the temperature range of interest, so a curve-fit expression was

used to relate temperature and enthalpy.
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2

H = 14.6 + 0.2122T7 + 16.93x10°° 7% - 2668.7 T

where H is given in Btu/lb and T in C°R.
Since the combustion mixture was lean, the Sutherland relation for
air was used to calculate the viscosity.

1.5
7 T

L = 7.30x10 T F 198.6

where |y is given in 1lb/sec-ft and T in °R.

Since the boundary-layer displacement thickness at the
nozzle entrance, 6:, was measured during the JPL tests, this value,
rather than*Equation (29), was used to estimate ¢i. The measured
value of Si was 0.041 incE,_and the tables of Reference 9 lead
to an estimated value of (5 /¢)i of 0.529. Hence

Ei = 0.00645 ft.

The corresponding value resulting from Equation (29) is 0.00182 ft.
The significance of this discrepancy will be discussed after the
presentation of computed results.

Equation (27) was solved numerically for several values
of Ei’ including the "best estimate" of 0.00645 ft, and the
results are shown in Figure 6. The effect of the kink in the pres-
sure distribution at x/L = 0.7 can clearly be seen. Equation (18)
was then used to calculate 9., and these results are presented
in Figure 7, also for several values of ¢i. Again, the effect of
the pressure kink can be seen. Especially significant is the strong
effect of the initial energy thickness, Ei‘

Figure 8 presents the comparison of the calculated 9,
(¢i = 0.00645 ft) with the JPL experimental results. Included on
the figure is the heat-flux distribution obtained from the Bartz
Equation, (28). It can be seen that the Bartz equation results
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are some 40 percent above the ARM results and the experimental
data. Figures 9 and 10 show the calculated enthalpy convective
heat-transfer coefficient and Stanton number, respectively.

It can be concluded from Figure 8 that for the experi-
mental conditions considered the ARM method does a much better
job of predicting the data than does the Bartz equation. However,
in view of the great dependence of the ARM results on Ei’ as
shown by Figure 7, the superiority of the method can logically be
questioned in cases where Ei is unknown. As discussed earlier,
when Equation (29} is used to estimate ¢i for the case at hand,
the resulting value is 0.00182 feet rather than 0.00645 feet. This
leads to a calculated o8 about 25 percent above the data (see
Figs. 7 and 8).

It is probable that Equation (29) will do a better job
of estimating 6i in cases where the wall is not as highly cooled
(solid rocket nozzles), since the wall cooling increases the energy
thickness; however, if this is the case, the Bartz and ARM qw
results would also be closer together. Thus, an undqualified recom-
mendation of the ARM method will have to await comparison with
experimental data taken under various conditions of To/Tw' This

will be done during the next quarter.
2.3 Surface Chemical Reactions at a Graphite Wall

2.3.1 Method of analysis

With a knowledge of the transfer coefficients, we seek to
generate the boundary conditions which are needed for the solution
of the temperature history of the wall material. Two specific
items are sought:

(1) The net heat flux to the surface.

(2) The wall erosion rate.
Both these quantities are in general found as a function of wall
surface temperature,.and thus are not tied down for any specific

application until the resulting relations are coupled with the
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wall temperature history calculation discussed in Section 2.4. To
calculate the first quantity we will need to know the second and
the enthalpy of the gas mixture at the surface. The wall erosion
rate enters into the energy balance and the gaseous products modify
the heat-transfer coefficient. To calculate these we turn to an
analysis of the chemical reactions occurring at the exposed surface.

The exposed surface of a nozzle liner material is the scene
of intense chemical activity. For example, for a graphite wall in
a typical H, C, O, N, Cl exhaust there are about a dozen molecular
species which appear in significant quantities during the course of
a firing. Hence, there is a large number of chemical reactions
which can (and undoubtedly do) occur. The task of analyzing these
reactions is further complicated by the fact that not all of them
achieve equilibrium under the conditions of interest.

To illustrate the implications of "non-equilibrium" in a
flow system which, nevertheless, can be essentially steady state,
consider the control volume shown in the following sketch:

o e e
Gaseous
boundary (pv), K, Pelelh(Kiy — K )
layer t_

C:i'—'—Z:QT;T;TZIZTZZIL_TZ:J
Surface S iﬂ:?bwf-: (755750
material

(i) Kiv
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The lower boundary of the control volume is taken right at the

surface of the material exposed to the exhaust stream. The con-
trol volume is presumed to be only infinitesimally thick. Assum-
ing steady state, that is, no mass storage in the control volume,

a mass balance for any molecular species can be written as follows:

(pV)w Kiw + peuecMi(Kiw - Kie) = Ithiv + Wi (30)
where
(pv)w net convection mass velocity normal to the surface
Kiw mass fraction of species i in the surface gas
mixture
CM mass-t;ansfer coefficient of species i through
i the mixture
Kie mass fraction of species i1 on the free stream
ﬁv erosion rate of virgin wall material
Kiv mass fraction of species i in the wall material
Wi net rate of production of species i due to

chemical reactions

The use of the convective mass—-transfer term in Equation (30), and
in particular the use of the difference in molecular (rather than
atomic) concentration as the potential for mass transfer merits
some discussion. Strictly speaking, this expression should apply
only to a nonreacting boundary layer, and it is not unreasonable
here to impose the assumption that the boundary layer is frozen.
It may not, however, be necessary to make this assumption.

Kulgein (Ref. 27) measured mass-transfer rates for methane with
burning in the boundary layer. He found that the wall to stream
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partial-pressure difference correlated his results both with and
without reaction. Thus, the possibility exists that a less
restrictive assumption than that of a frozen boundary layer will
still permit Equation (30) to be valid, and this will be explored
further during the coming quarter.

The chemical production term in Egquation (30) can be elimi-
nated by converting to an elemental mass balance; this is done by
summing the mass-balance equations (appropriately weighted) of all
the molecular species which contain a given element. The result is
a set of equations relating the elemental mass fractions at the wall,
Kiw’
and mass~transfer cocfficients as parameters.1 However, in order

to the composition of the free stream with the erosion rate

to relate erosion rate to temperature and pressure, and to enable
evaluation of the wall-gas enthalpy, we need to know the molecular
composition, that is, the Kiw' To do this we must write Equa-
tion (30) for all the species of interest and solve the set of
equations simultaneously.

The nature of the chemical production term is best illus-

trated by a specific example. For the reaction

-~

*
2’ + H, _, C,H, (31)

rate data indicate that the production of C2H2 at the surface

GC2H2 = kpr2 (32)
production

kf reaction rate constant

can be written as

where

Py partial pressure of H2 at the surface
2

lThis is discussed in detail in Reference 1.
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If we assume that the reverse reaction can be written as

w = k. p
Csz r C2H2

consumption
then the definition of equilibrium provides us with

L3

r K_
P

(33)

where Kp is the equilibrium constant for the reaction given by
Equation (31), and is, of course, a function of temperature. Hence,

the net production rate is given by

p
w = x w/ e (34)
C,H, 4 \F‘Hz K
p
For a closed system, that is, a system consisting of a

mixture in a box, regardless of the value of k equilibrium is

s
obtained, if one is patient enough, and w vanishes. The control
volume shown in the previous sketch is an open system in the sense
that mass crosses the boundaries. For such an open system equi-
librium is never attained, it is only approached. Further, the
approach to equilibrium occurs when the reaction rates are large,

that is, when k — w. As a result of this w remains finite

£
as equilibrium is approached in the open system. In fact, w
vanishes only for k. .— 0, that is, when no reactions occur.

£




il

-20-

To illustrate the behavior of Equation (30) as kf — o,
substitute Equation (34) into Equation (30) and rearrange somewhat.

We have then2

P
H K X C_H c H + —X K
2 p £ 272/, 272/ k¢ CH, y

P

(35)
As kf becomes very large the right-hand side of Equation (35)
approaches zero, which results in
P
) %)
Py K
2 o

This is exactly the equilibrium relation between the partial pres-
sures of the species involved in the reaction of Equation (31).

Then as the reaction rates become large, the mass—-balance equations,
Equation (3C), reduce to the equilibrium relations among the product
species. Notice that this same result will obtain even if the
system behaves non-ideally, that is, the order of the reaction is
not giv%n by the stoichiometric coefficient.

" If sufficient rate data are available the system of equa-
tions can be set up and solved. Let us review the steps involved
in such a calculation.

(a) Specify problem parameters:

w? Py peueCMi’ Kie’ Kie’ k

2. =
Note that (KC2H2> = 0.

v

T £i

B i s oW
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(b) Assume (pv)w and calculate K, = using the elemental
mass balance equations resulting from the weighted sums of Equa-
tion (30).°

(c) Calculate the Kiw using the set of equations resulting
from Equation (30), and the expression for conservation of elemental

species,

rol!
I

iw w

z: a, . K, (37)
3 ij
where aij is the mass fraction of element i in molecule j.

Steps (b) and (c¢) are repeated in an iterative manner until
the system closes, that is, until all of the equations resulting
from Equation (30) and Equation (37), are satisfied. The result is
a unique value for (pv)w and since the K, = are known the wall-
gas enthalpy can be calculated.

We have then in principal solved the system and generated
the desired boundary conditions for the wall temperature calcu-
lation. There are, however, a number of difficulties which merit
discussion. They are:

(1) Rate data for many of the reactions of interest are
either non-existent or are singularly unreliable.

(2) Even if perfectly reliable data were available the
problem involves many parameters and a concise general description
of the solutions is not possible.

(3) The mass-transfer coefficients in a reacting system
are not well-established experimentally although recent work has
shed light on this subject.

Items (1) and (2) will be discussed here, item (3) will be con-

sidered in a later report.

®Details of this step are presented in Reference 1.
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2.3.2 Reaction kinetics

The determination of reaction rates for heterogeneous
reactions, particularly at high temperatures, is at best a diffi-
cult task. As temperature is increased, the mixture approaches
an equilibrium composition at the reacting surface and becomes
rate limited by the transport of reactant to the surface (diffusion
control). As can be seen from Equation (35) the degree of approach
to equilibrium depends in part on the magnitude of the mass-transfer
coefficient. Since the mass~transfer coefficients obtained in
rocket nozzles are very high, the onset of diffusion control is
delayed and the desired data are in a range unobtainable by most
conventional rate experiments. Further difficulties in determi-
nation of reaction rates are posed by the fact that the physical
character of the reacting surface can have a considerable influence
on the reaction rates and that the accurate measurement of surface
temperature is difficult, particularly at high temperatures.

The combination of these factors causes what data that do
exist to be suspect and often contradictory. An illuminating

discussion of existing rate data for the reaction

* -
2c +o0,_, 2c0 (38)
is given by Scala, Reference 10. In summarizing the data of
numerous workers, Scala points out that the order of the reaction
is variously reported as lying between zero and one, the activa-
tion energy resulting from assuming a standard Arrhenius form
varies from 8 to 60 Kcal/mole and the pre-exponential factor varies--
over several orders of magnitude.

An insidious complication in heterogeneous reactions is the
fact that in order to react, a molecule must get to the surface.
In a mixture of gases, such as a rocket exhaust, there is compe-
tition among the various reacting species and indeed among molecules

of the same species for available surface sites. In fact, even an
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inert diluent can, if strongly adsorbed, inhibit surface reactions.
The net result is that reaction rates in a mixture of gases can be
slower than rates measured singly or at very low pressures.

Some methods of correcting for this interaction effect have
been summarized by Trapnell (Ref. 11), both for mobile and immobile
layers. For example, assuming a mobile layer, that is, one in which
the molecules may move easily from site to site, the effect results

in a change in activation energy of the reaction given by

; 1 - 27
AE = asvV ( 1 - (39)
[L-402-0na-m]¥?

where
s number of neighboring sites
\Y repulsive potential
n fraction of sites covered
¢ e-V/RT
a multiplying factor; unity if thereaction requires two

surface sites, one-half if only one is needed

As an upper limit mn — 1, and with s = 4 and a = 1, (which would
represent a two site reaction on graphite), Equation (39) reduces

to
AE = 8V

As an estimate of this effect, Roberts (Ref. 12) gives AE as
27 Kcal for the adsortpion of hydrogen molecules on tungsten.

A more severe interference with reaction occurs if the
surface is wholly covered by species which act as poisons and must
be removed before reaction can occur. Following Glasstone,
Laidler, and Eyring (Ref. 13), one can express the reaction rate in

such a situation as
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(W) g = =1 (40)
Y b,
i=j F1
where
(\:r)f a uni~directional or forward rate
Py partial pressures of poisons
P. partial pressure of reactant

The rate constant kf involves a pre-exponential factor that may
be estimated theoretically, but the activation energy requires
experimental determination.

These considerations indicate further the difficulty in
obtaining heterogeneous rate data. One never has pure reactant at
the surface, the inhibiting effect of the product species must
always be considered, and dissociation at high temperatures may
add other molecular species to the mix at the surface.

2.3.3 Surface recession of a graphite wall

A series of calculations was performed for a pure graphite
wall in a typical exhaust stream excluding, however, all A1203.
The purpose of these calculations was two-fold, first to assess
the contribution of the various surface reactions to the erosion
of the wall by chemical reactions, and second, to evaluate the
importance of the various parameters affecting the calculation.

In the absence of alumina particles there are three prin-
cipal combustion products which attack the wall chemically. The
basic reactions are (determined from equilibrium chemigtry calcu-
lations):

* ra— )
¢ +co,_, 2c0 (41)
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¥ R 42)
@ H,0 _, CO + H, (
s i 43)
2¢C H, _, GCoH, (43

It should be noted that reaction, Equation (43), is not the only
hydrogen-carbon reaction occurring; a number of hydrocarbon mole-
cules appear in detectable quantities. However, at these tempera-
tures*, equilibrium predicts acetylene as the principal constituent.

Reaction (41l) was presumed to reach equilibrium; reactions
(42) and (43) were handled variously for comparison purposes.

Three different possibilities were considered for the water-
gas reaction, Equation (42):

(1) It proceeds to equilibrium.

(2) It does not occur.

(3) It occurs at a finite rate.
As discussed in Reference 1, the rate for the reaction, Equa-
tion (42), was obtained by an extrapolation of the data of Binford
and Eyring (Ref. 14)5. Their data relates to the consumption of
HZO and hence

H.O (44)

£
[N
|
|
W
e
o
N
o
+
~
\>_J

The rate constants k1 and k2 were assumed to follow a standard

Arrhenius form as follows:

_ <:%.157510€>
k, = 19.95 e £ 1b /£t 3-sec-Atmos (45)
(segat)
_(4-.080x10
k, = 4.189x10* e = “1b./ft3-sec (46)

“That is, below 3300 K.

More recent data and a new interpretation thereof have been given by

Blyholder and Eyring (Ref. 15). This work will be considered in
the next duarter.
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The same set of possibilities were considered for reaction
(43) . The rate data were extrapolated from measurements made by
the Union Carbide Research Institute (Refs. 16 and 17). An Arrhenius
pPlot of these data is shown as Figure 1ll. The equation for the

forward reaction rate constant was taken as

_ 6-12)(104)
kg = 4.525x10° e T 1b/£t3-sec-Atmos (47)

where T is in °K. It should be noted that the relia-

bility of the surface temperature measurement (which was a "bright-

ness" temperature measured by a pyrometer) is difficult to assess.
For each of the three possibilities for reactions (42) and

(43) , comparison calculations were made to obtain the dimensionless

wall recession rate

(pv),,

TN (48)

B' =
peue M

as a function of wall temperature for the following conditions

P 10 atmospheres

PeUCy 1 (and is the same for all species)

@ED = 0.1178
a

K

Cz 2

The rate constants were calculated from Equations (45), (46), and

]
o

(47). The effect of the reverse reactions was ignored, however,
the forward reaction was constrained so as not to proceed beyond
equilibrium. Under this assumption equilibrium is approached more
rapidly than it should be. An estimate for the effect of
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interaction of competing species was made by increasing the acti-
vation energies by 24 Kcal/mole (a change of this order would be
indicated for an immobile layer). Because there is some hydro-
gen dissociation, particularly at the high end of the temperature
range considered, the possibility exists that the reaction
* —
2+ 2H _ C,H, (49)

proceeds more rapidly than reaction (43). Accordingly, the rate
constant for reaction (49) was arbitrarily taken as 10 times that
given by Equation (47).

In addition to C2H2, the following hydrocarbon molecules
H, C,H, C,H, C_H, C,H,, and C.H

2 3 4 6 4722 372°
The methane was assumed to be in equilibrium with the graphite and

were considered; CH4, CH2, C

the hydrogen present at the surface (very little methane remains
above 2500° K anyway), while the other C-H molecules were assumed
to be in equilibrium with graphite and C2H2, thus tying their
rate of production to that of acetylene. The latter assumption

is somewhat artificial and highly questionable. Incomplete infor-
mation reported in Reference 17 indicates that the molecular frag-
ments considered may form much more slowly than the rate required
to equilibrate with C2H2.

The remaining molecular species were allowed to distribute
according to the dictates of chemical equilibrium. The propellant
composition and a complete list of product species considered are
shown in Table I. These calculations were made by a digital com-
puter program prepared for Vidya's IBM 1620.

Figure 12 is a plot of B' versus temperature for some of
the possible alternative situations. It is readily apparent that
rate assumptions regarding just these two reactions can profoundly
affect the prediction of wall chemical erosion rate. At 3OOO°1<,
for instance, the assumption that neither Equation (42) nor (43)
occur, reduces B' to 1/5 of the value predicted by equilibrium.
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If the rate data given here are realistic, B' is only 0.4 to 0.5
of the value predicted by equilibrium. Thus, it is clear that there
is a real need for more complete and carefully acquired fundamental
rate data.

Assuming kinetic control of reactions (42) and (43), the
rate constants given by Equations (45), (46), and (47), together
with the same assumptions made above, a series of calculations was
made to study the effects of temperature, pressure, and mass-transfer
coefficient. These results are presented as Table II. The evalu-
ation of these results is still in progress, but Figure 13 illus-
trates the magnitude of the effects which may be encountered. The

range of variables considered was as follows:
5.0 S p £ 50.0 {atmospheres)
1500 < T < 3600 (°K)

0.1 < poucy, £ 2.0 (1bs/ft®-sec)

At any given temperature both the system pressure and the mass-
transfer coefficient can significantly affect B'. For example,
at 3000° K increasing pressure from 5 to 50 atmospheres increases
B' Dby about 1/3. At the same temperature an increase in peueCM
of from 0.1 to 1 decreases B' by a factor of 2. It should be
noted, however, that since B' contains the factor peuecM in
the denominator this really represents an increase in wall erosion
by a factor of 5.

An effect not illustrated by these calculations is the sen-
sitivity of B' to KH2o . If the rate of reaction (42) is

e

zero, increasing the mass fraction of water in the free stream
from 0.1178 to 0.13 (as can occur with a shift in stream tempera-
ture) decreases B! from 0.027 to 0.01l6. This reduction occurs
because both the oxygen and the nydrogen present in the exhaust
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gas as water vapor are prevented from reacting with the wall. This
effect is, of course, less pronounced as reaction (42) nears com-
pletion, since the amount of remaining water vapor in equilibrium
at the wall is small. It is fortunate that if_the exhaust stream

is in equilibrium (or near it) the value of <:? is nearly

C,H
272 .

zero, because a similar dependence of B' on the acetylene fraction
exists.

Figure 13 together with the last remarks indicate the diffi-
culty in providing the wall boundary conditions for the conduction
solution, in that pressure, the mass—transfer coefficient, and the

amount of free stream H,O will vary both with position in the

nozzle and with time. Tio approaches are being explored:

(1) 1Include the calculation of the surface chemical reac-
tions as a subroutine to the transient conduction program.

(2) Develop approximate correlations so that a reasonable

table look-up routine can be used.

2.3.4 Graphite ablation in Mixture 4

As discussed in detail in Section 3, the test firings of a
graphite nozzle using an He, N2, 02 mixture, Mixture 4, have
already begun. If we accept the premise of equal mass-transfer
coefficients for all species and assume that the reaction (38)
achieves equilibrium under the test conditions, the wall erosion
rate assumes a particularly simple form.

In the approximate wall temperature range 2000° K to 3300° K,
equilibrium predicts that the only significant molecular species
at the wall are He, N2, and CO while the main stream contains only
He, N2, 02, and 0. Then the oxygen balance can be written as®

~ g KO?e
o /T TFE® (50)

and the carbon balance as

8See Reference 1 for a derivation of this form.
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Substituting Equation (52) into (50) and solving yields

3 ~
Bt = &= K (53)
().

so that in order to estimate the wall recession rate we need only to

But since

=
b2

B
las]

and

i
o

know the composition of the gas mixture and the local mass-transfer
coefficient. It should be emphasized that this expression is for
chemical equilibrium with a graphite wall and applies only for Mix-
ture 4 at wall temperatures between 2000° K and 3300° K. Its sim-
plicity is due to the fact that only the oxygen is chemically reactive
in this temperature range. The erosion rate for chemical equilibrium
is then essentially independent of wall temperature for this special

case.

2.3.5 Future effort

An immediate task is to make modifications to the program
for calculating the chemical erosion rate of graphite. The effect
of reverse reaction will be included. It is also intended to relax
the egquilibrium assumption for reaction (41l). Further consideration

m——— e
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~
will be given to the phenomena of interaction and poisoning on the
surface. In addition, the problem of providing the results of the
chemical-erosion calculation in an optimum form for use in the con-

duction program will be pursueéd.

| Considerable effort will be placed on an analysis of the
results of the chemical erosion tests being conducted in the Vidya
plasma facility. It may be possible to obtain reaction rate data
directly from these tests and they will certainly provide consider-
able guidance for the selection of data.

The next major task of the program, the analysis of char

producing ablators, will begin during the next quarter.

2.4 Internal Material Thermal Behavior

As indicated in Figure 2, the determination of the internal
material thermal behavior is an integral part of the overall wall-
recession calculation, in that it provides the wall surface tempera-
ture input for the surface chemical reaction evaluation. This wall
response is calculated with a transient conduction computer program
which was discussed in some detail in the Firat Quarterly Progress
Report. Further work on this computer program is presented in this

section.

2.4.1 The heat equation with a moving boundary

To facilitate the numerical solution of the heat equation when
one boundary surface is receding due to ablation, the equation for
conduction of heat, in c¢ylindrical coordinates, can be transformed

as follows. If we set
X =r - rs(z,e)
z' = z

6' = 6
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the heat equation becomes

<[%- GO E] -5 68 3 5% (E
1CLICINED
HORICIECIR

«(54)

The motives for the selection of this form are discussed in detail
in Reference 1.

For computation, the various derivatives appearing in
Equation (54) are expressed in finite difference form. The nodal
network is illustrated in the following sketch.

Ax(2)

o Wall surface
mEl, 1 .

Ax (1) o Surface
e element

- o - T‘ - — - Nozzle centerline

= ="
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Since the problem is axisymmetric, the wall section shown
is actually a section of a body of revolution. The coordinate
system used poses some restrictions on the placement of nodes. A
row of nodes always appears on the surface. Az(m) can be unequal
to Az (m-1) but Az(m) is a constant for all n. Similarly A4x(n)
need not equal Ax(n-1) but Ax(n) is a constant for all n.

The particular finite difference forms of the various
derivatives in Equation (54) are lengthy and are not included in
this report.

As discussed in Reference 1, the formulation of the differ-
ence equation representing Equation (54) can be either explicit or
implicit. The program for the solution of Equation (54) utilizing

the explicit formulation has been completed and checked out.

2.4.2 Ablating surface boundary condition

The temperatures for nodes not located on (or near) a bound-
ary are calculated from the difference equation representing Equa-
tion (54). Special considerations are required for those points
located at the ablation surface and there is some latitude in the
method used to calculate surface temperatures. Two different
methods can be used: (a) heat-flux balance at the surface,

(b) energy quantity balance on a finite region surrounding a sur-
face node.

To develop some dquantitative experience for the relative
merits of the two methods, the one-dimensional heat conduction
equation was programed in finite difference form utilizing a simple
convective (constant h) boundary condition and constant material
properties. A further objective in constructing the simple program
was to permit an evaluation of the size of the finite difference
net required to provide a good approximation to the differential

equation.
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Referring to the representation of the one dimensional
geometry shown below,

I
T 17 acomestion

the boundary condition given by the heat-flux balance takes the

form

= _ oT
deonvection - P{Ta — T) = -k <:;§£j> %=0 (55)

If the temperature gradient at the surface is obtained from Taylor's
series expansions from which the second derivative terms have been
eliminated, one obtains the finite difference form:

T
- 3 3 _
h(Ta - Tl) Ax (2 T+t 3 2T2> (56)

which may be solved for T1 directly.
The alternative form results from an energy balance on the
dashed box shown in the above sketch. We have then

Ax OT _ ar
Pe 2 96 qconvection 2 L3 §xj:> Ax (57)
X=0
2

Again, if one obtains (OT/dx) from Taylor's series expansions, and
eliminates the second order terms, there results

1

T'-T (r_ - T))
Ox ] 2 1
pc 2 —__ZE__— h(Ta = Tl) + kK ——————— (58)
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where the prime denotes temperature at the end of the time interval,
AB.

Since the form given by Equation (56) does not contain a
term relating to energy storage it is a relationship that applies
at any instant in time. Then, after the calculation of the '"new"
temperatures for all the interior points, Equation (56) can be
written in terms of the end of time interval values, Tl', Tz',
and TB' and solved for Tl' directly.

For the more general convective-boundary condition, the net
convection heat-flux is written in terms of enthalpy driving poten-~
tials and contains a correction due to surface off-gassing. In
this case, an iterative procedure will be required to solve for Tl'
and it becomes sensible to consider the use of T1 on the left-hand
side of Equation (55) while retaining Tl' on the right. This
simplification, however, again raises the problem of "stability"

of the finite difference form. This is best illustrated by carrying

out this simplification as follows. The expression for T,

becomes:

T’
Xk 3502 - x_ R
=3 T, h(T, - T)) + 3 GTE 2> (59)

If the explicit expression for Tz' is substituted into Equa-

tion (59), we have
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The general condition of stability requires that the coefficient on

T, appearing in Equation {59a) must be positive (see Appendix A).

Thus, the inequality
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must be satisfied to yield a meaningful solution for surface tempera-
ture. It is further evident that if the convection heat-flux term

is written in terms of T1 » Equation (56) is unconditionally stable
for all values of A6 and A&x because the term containing 46
and Tl which enters via T2' is positive. Trial solutions in
which the condition given by (60) was violated were attempted and
did, in fact, prove troublesome.

A similar decision with regard to the application of Equa-
tion (58) must be made. If the formulation is explicit (that is,
T_ ' appears only on the left-hand side of (58)), then we have the

1
familiar condition that

aAB h 1

while the implicit expression is, again, unconditionally stable.
Figure 14 is a comparison of the calculated surface tempera-
tures resulting from the finite difference scheme for each of the
two boundary conditions (56) and (58), (using, in both cases, the
stable forms) with the values given by the analytical solution.
Both methods give results somewhat in error near the beginning of
the problem and both seem to approach the correct solution at about
the same time (for comparable difference mesh size). An examination
of Equation (56) reveals the fact that at the end of the first time-
step the same result is obtained regardless of the value of A6.
Hence, reducing the size of A8 may make the solution worse for
short times. Egquation (58) does not have this disadvantage in that
reducing A6 always brings one closer to the correct solution.
Oon this basis, Equation (58) has been used in setting up the axi-
symmetric program, but the situation is not completely settled.
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In order to derive the form equivalent to Equation (58) for
the transformed axisymmetric coordinate system, we must include
the extra terms resulting in the skewed and moving system. An
energy balance on the surface element shown in the sketch on page 32,
yields (assuming Ax and 4Oz to be differentials):

7 ar =
dx _ s ( at
CE)p @ -GG -= @),
2
. /% dr : :
dx a g o) 8 a7
+2_|:§_z<luz\ azz)K%E - % B QE{E }
= pc <dx> 5T+pc T( > Ca \/1+ ( (62)

where the terms inside the braces are understood to be evaluated at
x = dx/2 rather than at the surface.

2.4.3 Program verification

Equation (54) together with the boundary condition expressed
by Equation (62) have been nrogramed in an explicit difference
formulation. To verify the internal logic, this program was used
to solve the problem of the hollow cylinder (in the absence of
ablation) having constant pooperties and a simple convective bound-
ary condition. The results of the numerical solution are compared
with the analytical solution, taken from Schneider (Ref. 18), in
Figure 15. As can be seen, the comparison is very favorable. The
problem parameters were:

Ax = 0.00833 feet
A = 0.1 sec

ry = 0.125 feet

r. = 0.20833 feet
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h = 0.36 Btu/ft°-sec-°R
k = 0.0075 Btu/ft-sec-°R typical of
pc = 59.8 Btu/ft3-°R graphite

After one second of problem time, the surface temperatures are
within 1 percent of the correct values.

The next step in program checkout is the construction of
an ablating wall solution from the non-ablating wall solution.
This is done as follows. Once the complete solution of the non-
moving wall problem is at hand, any arbitrary surface recession
rate can be specified. Then, since the position of the surface as
a function of time is known, the temperature of the surface can be
specified as that temperature which existed at that position at
that time in the non-ablating body. As a result of this, the portion
of the body which remains must respond exactly as if no ablation
had occurred and, for example, the back wall temperatures must be
identical in the two cases. This comparison test is still in

progress.

2.4.4 Future effort

The most immediate task is the ablating wall comparison just
discussed. The addition of the more general boundary conditions
is the next following task. These two items would complete the
transient temperature package in its explicit formulation.

Because of the mixed derivative terms appearing in the
transformed heat equation, Equation (54), the finite difference
expression for the temperature at any nodal point m, n involves
the array of temperatures existing at the point m,n and the
eight surrounding points. In preparing the coefficient matrix for
the implicit solution, the existence of nine non-zero coefficients
in each row results in some additional complexity, for example, the
dominant terms must be located and moved to the diagonal. Efforts
to overcome these difficulties look hopeful and the implicit formu-

lation will be continued.
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The internal behavior of a charring ablator is character-
ized by two moving boundaries. The analysis of these types of
materials will be started in the next quarter.

3. EXPERIMENTAL STUDIES

3.1 Introduction

The choice of a rocket-nozzle liner material requires a
knowledge of the behavior of appropriate materials in the combus-
tion product environment. This knowledge must be supplied by
both an analytic treatment of the materials response and experi-
mental materials testing. As indicated in Figure 2, the analytic
treatment requires appropriate input of basic data for a success-
ful and accurate solution, and some of this input must be deter-
mined experimentally. Hence, in the experimeﬁtal phase of this
program, several areas in which data are currently lacking are
being investigated. These areas include chemical reactions and
particle impact as they affect ablation. The experimental effort
is conveniently divided into two separate programs:

(1) The chemical erosion program; 'the investigation of
chemical effects in the ablation process and the development of
a simple materials testing technique.

(2) The particle impact program; the investigation of the
effects of particle impingement on ablation.

As indicated above, a secondary purpose of the chemical
erosion program is to investigate a relatively simple materials
testing technique. The usual materials testing technigques have
taken three general forms: full-scale rocket tests, small-scale
rocket tests, and splash tests on materials samples. The last
technique must be regarded as only qualitative since only a rough
comparison between the performance of different materials is
possible. With the advent of large rocket motors, full-scale
rocket tests for materials evaluation become prohibitive. Small-

scale rocket tests do not permit the flexibility of varying test
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parameters independently and are also relatively expensive. A
flexible, inexpensive yet quantitative experimental materials
evaluation technique is therefore desirable, and its development
is the subject of one part of the experimental effort.

The presentation which follows covers the areas of experi-
mental activity during the second quarter of the project. The
properties of the gas mixtures being used in both programs were
calculated, and the results are given in tabular and graphical
form. Progress on the chemical erosion program is disucssed in
detail; this includes plasma generator facility modification,
test section fabrication, and several firings. The particle
impact program is still in the planning stage, and the status
of these plans is presented.

3.2 Properties of Test Gas Mixtures

The chemical erosion test program, the experimental investi-
gation of specific chemical reactions as they affect the erosion
of nozzle wall materials, requires a series of gas mixtures that
will "isolate" the chemical reactions of interest and, for direct
application to rocket technology, that will also simulate the
solid-propellant rocket environment. The requirements for satis-
fying these conditions were developed and discussed in Reference 1.
In summary, these requirements were the duplication of the
temperature-enthalpy variation of the rocket exhaust gases, dupli-
cation of the mass fractions of the chemically reactive species of
interest, and duplication of the heat, mass, and momentum fluxes
at the surface of the ablating material.

Five gas mixtures were selected for the investigation and are
summarized below:

(1) The actual combustion products (with no aluminum com-
pounds) .

(2) The combustion products composition except for hydrogen
chloride which is replaced by an inert gas.
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(3) The mass fractions of hydrogen and oxygen in the actual
products that are capable of reacting with nozzle wall materials
and appropriate amounts of inert gases (the hydrogen and oxygen
tied up in HCl and CO, respectively, are essentially inert).

{(4) The mass fraction of oxygen that is capable of reacting
with nozzle wall materials and appropriate amounts of inert gases
(the oxygen tied up in CO is essentially inert).

(5) All inert gases.

In order to set test conditions and evaluate test data, the
thermodynamic properties and composition of the test gas mixtures
must be known for the complete range of test conditions. Estimates
of the elemental composition and thermodynamic properties were
presented in Reference 1. During this report period, detailed
calculations of thermodynamic properties and molecular composition
were made for each gas mixture from computer programs developed
for the Vidya IBM 1620 computer. Calculations were performed for
a complete net of points to allow construction of thermodynamic
property charts. The data calculated at each temperature and
pressure were enthalpy, entropy, frozen specific heat, equilibrium
specific heat, isentropic exponent, molecular weight, mole fractions,
and mass fractions.

The elemental and molecular compositions at selected tempera-
tures and pressures are presented in Table III for each gas mixture
in terms of the mole and mass fractions. 1In Mixtures 2 and 3, the
original estimates of elemental composition (Ref. 1) were changed
somewhat to yield better agreement in the temperature-enthalpy
variation and to reduce the experimental complexity of operating
with these mixtures. In Mixture 2, nitrogen was used as the inert
instead of argon as originally anticipated. 1In Mixture 3, helium
was eliminated, leaving only nitrogen as the inert. Each mixture

and its relation to the others is discussed in a following section.
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The temperature-enthalpy variation for each gas mixture is
presented in Figures 16(a) through (e). The variation for Mix-

ture 1 is included in each figure for comparison; this mixture |
is the actual products of combustion for a typical solid propel- |
lant (with no aluminum compounds). In each case the enthalpy base i
was arbitrarily assigned as H = 0 at 2500° K and 20 atmospheres
to facilitate comparison. As shown in the figures, the agreement
of Mixtures 2 and 3 with Mixture 1 is excellent. The agreement
is good for Mixture 4 which departs somewhat at both high and
low temperatures. Mixture 5 disagrees substantially at higher
temperatures, above about 3200° K. This is due to the essen-
tially constant specific heat caused by the absence of chemical
reaction. The only reaction possible, the dissociation of nitro-
gen, does not occur to any significant degree in the temperature
range of interest.
For convenience in data reduction and in setting arc-plasma
generator operating conditions, thermodynamic property charts
were prepared for each gas mixture. Master charts covering the
entire range of temperature and pressure were made; these are
presented in Figures 17(a) through (e). Plots of molecular
weight and isentropic exponent and charts magnifying the primary
area of interest on the master charts were also made for each
gas mixture. An example of these plots, for Mixture 3, is pre-
sented in Figures 18(a) through (c) (the master chart for Mix-
ture 3 is Fig. 17{(c)).
Transport property data are also required for the calcula-
tion of heat-transfer parameters. Estimates have been made for
the particular gas mixtures of interest from the available data
on the individual gases which make up the mixtures (e.g., Ref. 19).
A computer program capable of calculating transport properties

for multicomponent gas mixtures will also be available shortly.
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The utilization of and information obtainable from the five
gas mixtures will be discussed in the following section, Chemical
Erosion Test Program. One or more of these gas mixtures will also
be utilized in the Particle Impact Program which is discussed in

Section 3.4.

3.3 Chemical Erosion Test Program

3.3.1 Introduction

The primary objective of the chemical erosion test program
is the determination of the effects of specific chemical reactions
on the erosion of rocket materials. The results obtained, in addi-
tion to being of general importance will provide necessary guidance
to the theoretical phase of the subject contract. A secondary
objective is the definition of an inexpensive technique for the
quantitative, as opposed to qualitative, evaluation of candidate
materials for rocket nozzles. The technique is expected to be a
powerful tool for the material fabricator and the nozzle designer.

The program, in brief, consists of an appropriate series of
tests on ablative materials utilizing the five gas mixtures dis-
cussed in the previous section. The Vidya arc plasma generator
supplies the energy input to the gas mixtures for simulation of
the rocket environment. The test materials are graphite, silica
phenolic, and graphite phenolic. An axisymmetric nozzle cenfigu-
ration is used for all tests. The heat transfer and pressure
distribution for a nonablating wall of the same geometry as the
test nozzle is determined with sets of heat-transfer calibration
nozzles and pressure distribution calibration nozzles.

In order to increase the effectiveness of the chemical
erosion program, the originally proposed program has been extended
somewhat. This was a result of the analytical work conducted
early in the program in which it was found that wall recession
rates are affected in a major way by several chemical reactions.

The number of test gases was therefore increased from three to

o
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five, the test configuration was changed from mostly channel tests
to all nozzle tests, and the total number of tests was increased
from 36 to 56. Channel tests were eliminated because of the edge
effects that occur at the side walls of the channel and because of
the "gouging"” which occurs in the test material at the junction
between the test material section and the water-cooled inlet tran-
sition section. Also, the nozzle configuration is directly com-
patible with the axisymmetric computer program being developed.

The activities during the report period that were directly
related to the chemical erosion program included the following:

(1) cCalculation of the thermodynamic properties and compo-
sition of the test gas mixtures.

(2) Completion of the necessary test facility changes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>